We have optimized and compared the synthesis of 1,2-epoxyoctane from 1-octene by resting and by growing cells of Pseudomonas oleovorans. The net production of 1,2-epoxyoctane by resting cells never exceeded 0.6 mg/ml of suspension. In contrast, P. oleovorans produced much more epoxide when it was grown on high levels of 1-octene. To raise the total production of epoxide, the octene layer was repeatedly transferred to fresh, growing cultures of P. oleovorans. By using this approach, a maximum of 28 mg of epoxide was synthesized per ml of total culture, resulting in the accumulation of ca. 75 mg of epoxide per ml in the octene phase.
Various aerobic microorganisms are able to utilize paraffins and other hydrocarbons for growth (1) . In addition, some of these organisms convert alkenes to the corresponding epoxides. Thus, Candida lipolytica and Corynebacterium equi produce 1,2-epoxyhexadecane when grown on 1-hexadecene (8, 22) , resting cells of Pseudomonas aeruginosa produce 1,2-epoxyoctane from 1-octene (35) , Bacillus megaterium epoxidates the internal double bond of palmitoleic acid (9) , and certain microorganisms capable of hydroxylating steroids also epoxidate similar steroids (6, 31 ).
An enzyme system involved in some of these reactions has been isolated from Pseudomonas oleovorans by Coon and his co-workers (4, 7, 13, 21, 23-26, 33, 34) . (The strain of P. oleovorans used was isolated by the enrichment technique of Baptist et al. [3] , characterized as a biotype A variant (no. 266) of Pseudomonas putida by Stanier et al. [32] , and designated P. putida PpG6 by Chakrabarty et al. [10] . It has been assigned American Type Culture Collection number 17633.) The main function of this enzyme system is to catalyze the hydroxylation of alkanes and fatty acids, but May and others (14) (15) (16) (18) (19) (20) have shown that this system also catalyzes the conversion of terminal olefins to the corresponding 1,2-epoxides. Abbott and Hou demonstrated that octane-grown resting cells of P. oleovorans are also able to epoxidate 1-alkenes and 1,7-octadiene to the corresponding 1,2-epoxides (2).
In an attempt to increase the production of epoxide, Schwartz and McCoy (27, 28) isolated a mutant strain of P. oleovorans (designated TF4-1L by Shwartz and McCoy [29] and assigned American Type Culture Collection number 29347), which epoxidated 1-octene at a rate nine times higher than that of the parent strain. By using this strain they obtained a 90% molar conversion of 1,7-octadiene to a mixture of 7,8-epoxy-l-octene and 1,2-7,8-diepoxyoctane in a two-phase fermentation with cyclohexane as the second phase (30) . The total yield of epoxide was limited, however, because the starting concentration of 1,7-octadiene was only 1% (30) .
Despite these extensive studies, there have been few attempts to similarly optimize the production of 1,2-epoxyoctane from 1-octene (2) . A major potential problem in the fermentation of 1-octene to 1,2-epoxyoctane is that, in contrast with the products of the fermentation of 1,7-octadiene, 1,2-epoxyoctane supports growth and is metabolized further (29) , probably by hydroxylation of the free methyl group.
We have therefore investigated the conditions necessary to maxiiize the production of 1,2-epoxyoctane from 1-octene by growing as well as resting cells of P. oleovorans.
MATERLALS AND METHODS Bacterial strain and growth conditions. P. oleo-vol/vol) or 1-octene (2 to 80%, vol/vol) as indicated. The cultures were always inoculated with early-stationary-phase cells grown on 2% (vol/vol) n-octane. Cell densities (milligrams of cell dry mass per milliliter) were determined as described previously (36) .
Preparation of resting-cell suspensions. Cells grown on 2% (vol/vol) n-octane were centrifuged (5,000 x g, 10 min) at 0°C and washed once in 0.1 M potassium phosphate buffer, pH 7.0; the final pellet was suspended to 2 to 3 mg/ml in the same buffer containing 0.1% (vol/vol) Triton X-100 at 2°C unless indicated otherwise. A 1-mi amount of the cell suspension and 0.01 ml of 1-octene were added to each centrifuge tube (15 by 75 mm). The tubes were closed tightly with screw caps to minimize evaporation. After mixing, the suspensions were incubated at 30°C with shaking. At the time indicated, tubes were removed and assayed for the production of 1,2-epoxyoctane.
Epoxide production in 1-octene cultures. The 1-octene cultures were centrifuged (5,000 x g, 15 min), and the 1-octene layer was separated from the water layer. The volume of each was measured, 0.1 ml of the 1-octene layer was diluted 100-fold in n-hexane which contained 2-octanol (0.3 mg/ml) as an internal standard, and this dilution was analyzed by gas chromatography. The pellet was resuspended in 0.1 M potassium phosphate buffer, pH 7.0, to the original cell concentration. This cell suspension and the water phase were assayed for 1,2-epoxyoctane.
Repeated transfer of the 1-octene layer. A 50% (vol/vol) 1-octene culture was incubated for about 70 h at 30°C. The culture was then centrifuged, and the octene layer was transferred to fresh medium inoculated with octane-grown cells (starting concentration, 0.2 to 0.4 mg/ml). This process was repeated several times. The octene layer, the water phase, and the pellet were assayed for 1,2-epoxyoctane as described above. The final volumes of octene and the water phase were determined and used to calculate the total amount of epoxide present per milliliter of culture (organic plus water phase) at the beginning of the experiment. During each incubation, 10 to 20% (vol/ vol) of the organic phase and negligible amounts of the water phase were lost.
Epoxide assay. The extraction and quantitation of 1,2-epoxyoctane was extracted and quantitated by the method of May and Abott (15) . By using standard curves, the peak area ratio of 1,2-epoxyoctane to 2-octanol was converted into epoxide concentration. These curves were obtained from four different standard solutions, i.e., epoxide in (i) 0.1 M potassium phosphate (pH 7.0), (ii) 0.1 M potassium phosphate (pH 7.0) plus 0.1% (vol/vol) Triton X-100, (iii) cell suspension, and (iv) cell suspension plus 0.1% (vol/vol) Triton X-100. Comparison of these curves with a standard curve, obtained by adding 1,2-epoxyoctane directly to hexane, revealed that in the presence of Triton X-100 essentially all the epoxide was recovered, whereas in its absence only 50 to 70% (wt/vol) was extracted.
RESULTS
Production of 1,2-epoxyoctane by resting cells of P. oleovorans. We initially focused on resting cells of P. oleovorans, which are known to produce epoxide (2) , and examined the interactions of epoxide and resting cells. These experiments (data not shown) showed that the net production of epoxide by resting cells of P. oleovorans is caused by a combination of enzymatic synthesis and nonenzymatic degradation. Enzymatic synthesis is influenced by the age of the culture before harvesting, the suspension buffer, the concentration to which the cells were suspended, the presence of cell-permeabilizing agents such as Triton X-100 and toluene, and the effect of the synthesized epoxide on the cells. The optimal combination of conditions was obtained in these experiments when early-stationary-phase cells were suspended to 2 to 4 mg of cell dry mass per ml in tris(hydroxymethyl)-aminomethane buffer containing 0.1 to 0.2% (vol/vol) Triton X-100 or toluene, but even under these conditions the synthesis of epoxide never exceeded 0.6 mg/ml. In addition, the epoxide formed was degraded rather easily. This was especially the case when exponential-phase cells were used. Epoxide was also degraded in the presence of 1 mM KCN, which inhibits the ohydroxylation and epoxidation reaction (21) by heat-killed cells. When a heat-killed cell suspension was incubated at 300C with synthetic 1,2-epoxyoctane (final concentration, 800 Ag/ml), only 50% of the epoxide was recovered after 1 h. At the same time, cells or enzyme systems are clearly affected by epoxide, because incubation of resting cells with 800 ,ug of epoxide per ml of suspension for 1 h reduced the epoxidation activity by 50%.
Production of 1,2-epoxyoctane by growing cells ofP. oleovorans. When P. oleovorans was grown in medium containing high levels of 1-octene (210%, vol/vol), about 10-fold more 1,2-epoxyoctane was produced than by resting cells under optimal conditions (Table 1) . Thus, a culture containing 10% 1-octene produced ca. 3.5 mg of epoxide per ml, which implies that about 4.5% of the octene was converted to epoxide. Increasing the initial octene concentration lowered the conversion efficiency, but had little effect on the total epoxide production; saturation may occur at a 1-octene concentration of between 2 and 10% (vol/vol). Most of the 1,2-epoxyoctane accumulated in the 1-octene layer. Little epoxide remained bound to the cells.
Cultures containing more than 10% and less than 50% (vol/vol) n-octane or 1-octene produced a white polymer-like substance which, after centrifugation, was present as a gel between the water phase and the organic phase. It is likely that this material is an emulsifier produced by the cells to maximize the total surface (Table 1) . Increased epoxide synthesis by growing cells. To determine which factors limit epoxide production in 1-octene-containing cultures, a culture which had ceased producing epoxide was separated into its constituent phases. When the cells were suspended in fresh medium and added to fresh 1-octene, very little epoxide was synthesized. In contrast, when the octene layer, which contained about 10 mg of 1,2-epoxyoctane per ml, was added to an equal volume of fresh medium inoculated with octane-grown cells, the cells continued growing and produced more epoxide.
This procedure was successfully repeated several times (Fig. 1) , indicating that there was no significant accumulation of inhibitors of epoxide synthesis in the octene layer. Instead, the epoxide slowly inactivated the cells or the system responsible for epoxide synthesis and export, and high levels of epoxide could therefore be produced by repeatedly refreshing the cells in the incubation system.
Very little or none of the white polymeric material was observed in any of the cultures, which is consistent with the fact that the epoxide concentration in the water phase remained low.
Furthermore, the final cell density reached by each of the freshly added cultures (7 to 10 mg of dry cell mass per ml of the water phase) was identical to that reached in a culture with the same amount of pure 1-octene. Only in the last two cultures (6 and 7, Fig. 1 ), when the epoxide concentration reached a ceiling, did cell growth stop at a density of ca. 3 mg/ml. In these last two cultures there was a considerable amount of cell-associated epoxide even though there was very little additional epoxide synthesis (Fig. 1) .
DISCUSSION
The conversion of olefins to epoxides by enzymatic catalysis can be approached in several ways. First, the relevant enzymes may be isolated and immobilized (12, 17) . Second, cells with the appropriate activities may be grown under conditions in which the reaction takes place in culture. Third, as an intermediate between the above possibilities, cells may be harvested, rendered permeable to allow free access of substrates to intracellular enzymes and release of products, and perhaps immobilized to form an appropriate catalyst.
Epoxide synthesis by permeable cells. Encouraged by the success with which toluene has been used to render Escherichia coli permeable to a variety of substrates (11), and basing our efforts on the results of Schwartz and McCoy with resting cells (29), we initially sought conditions to maximize epoxide production by permeable cells of P. oleovorans, prepared with either toluene or various detergents. We were unable, however, to develop conditions which yielded more than 0.6 mg of epoxide per ml, and we observed that the epoxide formed by resting cells was not very stable, probably because it reacts with cellular components. This was true for impermeable as well as permeable cells. For instance, when resting cells (no detergents or toluene were used) were heat killed (to preclude enzymatic degradation of epoxide) and incubated with 1,2-epoxyoctane, there was a reproducible decline in epoxide concentration. Although this observation is at odds with the results of Abbott and Hou, who did not observe epoxide loss in a similar experiment (2) , there are other lines of evidence suggesting that epoxides react with nucleophilic groups of cellular components. Thus, preliminary experiments have shown that 1,2-epoxyoctane (0.6 mg/ml) disappears, with a half-life of 45 min, after incubation with L-cysteine (2 mg/ml) in phosphate buffer (pH 7) (unpublished data (30) .
The phase separation was affected by a white substance which was excreted into the culture medium and which caused the organic phase to become progressively more emulsified in the water phase. When this occurred, the epoxide concentration in the aqueous phase increased, cell growth was reduced, and epoxidation activity was blocked. Since little of the white substance was produced in cultures containing 50% (vol/vol) 1-octene, the epoxide concentration in the water phase of these cultures remained low (Table 1) ; and although such growing cells were eventually (after about 50 h) inactivated by the epoxide which they themselves formed, they synthesized an order of magnitude more epoxide (3.5 to 9.0 mg/ml) as compared with resting cells (0.6 mg/ml). These results are in accord with those of Schwartz and McCoy (30) , who found that much more 1,7-octadiene is converted into the mono-and diepoxide (7.5 mg/ml) in a twophase fermentation with cyclohexane as the organic phase than is converted in the absence of a separate organic phase (1.4 mg/ml).
When cells inactivated by epoxide were replaced by fresh P. oleovorans cells grown on octane, in which they produced no epoxide and were not inactivated, the newly added cells grew quite well on the remaining 1-octene and proceeded to produce more 1,2-epoxyoctane. Al 
